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Abstract. The effect of aerosol water uptake on the aerosol
particle light scattering coefficient (σsp ) is described in this
study by comparing measurements from five European sites:
the Jungfraujoch, located in the Swiss Alps at 3580 m a.s.l.;
Ny-Ålesund, located on Spitsbergen in the Arctic; Mace
Head, a coastal site in Ireland; Cabauw, a rural site in the
Netherlands; and Melpitz, a regional background site in Eastern Germany. These sites were selected according to the
aerosol type usually encountered at that location. The scattering enhancement factor f (RH, λ) is the key parameter to
describe the effect of water uptake on the particle light scattering. It is defined as the σsp (RH) at a certain relative humidity (RH) and wavelength λ divided by its dry value. f (RH)
at the five sites varied widely, starting at very low values
of f (RH = 85 %, λ = 550 nm) around 1.28 for mineral dust,
and reaching up to 3.41 for Arctic aerosol. Hysteresis behavior was observed at all sites except at the Jungfraujoch
(due to the absence of sea salt). Closure studies and Mie
simulations showed that both size and chemical composition determine the magnitude of f (RH). Both parameters are
also needed to successfully predict f (RH). Finally, the measurement results were compared to the widely used aerosol
model, OPAC (Hess et al., 1998). Significant discrepancies
were seen, especially at intermediate RH ranges; these were
mainly attributed to inappropriate implementation of hygroscopic growth in the OPAC model. Replacement of the hygroscopic growth with values from the recent literature resulted in a clear improvement of the OPAC model.

1

Introduction

Atmospheric aerosols, which are defined as liquid or solid
particles suspended in a gas (Seinfeld and Pandis, 2006),
are tiny and usually invisible to our eyes. Nevertheless, they
have an immense impact on our health and on our global climate. Aerosols scatter and absorb solar radiation, and, by
doing so, they directly influence the Earth’s radiation budget (see, e.g., Trenberth et al., 2009; Schwartz, 1996; Charlson et al., 1991). In addition, anthropogenic aerosol particles
modify cloud properties, causing, e.g., brighter clouds with
longer lifetimes and changed precipitation behavior (see,
e.g. Lohmann and Leck, 2005; Ramaswamy et al., 2001;
Twomey, 1977). The net effect of anthropogenic aerosols
on the Earth’s climate is cooling, in contrast to greenhouse
gases, which have a warming effect. However, the Intergovernmental Panel on Climate Change (IPCC, 2007) concludes
that the high uncertainty in the net radiative forcing of all
main climate agents is mainly dominated by the large uncertainty in the aerosol radiative forcing. This is mainly caused
by the high temporal, spatial, and compositional variability of the aerosol and the poorly understood and quantified
aerosol effects.
Since aerosol particles can take up water, they can change
in size and chemical composition depending on the ambient relative humidity (RH). Therefore, long-term in situ measurements of aerosol optical and microphysical properties are
usually performed at standardized dry conditions to avoid
the RH effect when quantifying and characterizing the main
aerosol properties (WMO/GAW, 2003). This is especially
important for the aerosol particle light scattering coefficient
σsp (RH, λ) which strongly depends on RH (λ denotes the
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wavelength). These values measured at dry conditions differ significantly from the ambient and thus climate relevant
ones. Knowledge of this RH effect is therefore of crucial importance for climate forcing calculations (see, e.g. Haywood
and Shine, 1995; Pilinis et al., 1995). In addition, it is also
needed for the comparison or validation of remote sensing
with in situ measurements (see, e.g. Zieger et al., 2012, 2011;
Morgan et al., 2010; Voss et al., 2001; Ferrare et al., 1998).
The key parameter to describe the influence of RH on the
aerosol light scattering is the scattering enhancement factor
f (RH, λ):
σsp (RH, λ)
f (RH, λ) =
,
σsp (RHdry , λ)

(1)

where σsp (RH, λ) is the scattering coefficient at a defined RH
and wavelength λ and σsp (RHdry , λ) is the corresponding dry
scattering coefficient. f (RH, λ) will increase with increasing
RH and will usually be ≥ 1, if the particles do not experience significant restructuring when taking up water (Weingartner et al., 1995). f (RH, λ) depends on the size and on
the chemical composition of the particle, because both of
these parameters determine the particle’s scattering properties and its ability to take up water. In the following, f (RH)
is discussed for the wavelength λ = 500 nm as an example;
the explicit reference is omitted from now on for reasons of
simplicity, since only a small wavelength dependency was
observed at the five sites for the standard nephelometer wavelengths (f (RH = 85 %) varied < 5 % for three wavelengths:
450, 550, and 700 nm).
Several studies have measured and modeled f (RH) for
different aerosol types. Marine aerosols generally showed
a higher f (RH) and decreased with higher anthropogenic
influence (see, e.g. Zieger et al., 2010; Fierz-Schmidhauser
et al., 2010b; Wang et al., 2007; Carrico et al., 2003, 2000,
1998; Gasso et al., 2000; McInnes et al., 1998). Urban
aerosols (see, e.g. Zieger et al., 2011; Yan et al., 2009;
McInnes et al., 1998; Fitzgerald et al., 1982), or continental aerosol particles (see, e.g. Zieger et al., 2013, 2012;
Fierz-Schmidhauser et al., 2010c; Sheridan et al., 2001) typically show intermediate values, while mineral dust dominated aerosols and pure biomass burning aerosols are characterized by low values of f (RH) (see, e.g. Zieger et al., 2012;
Fierz-Schmidhauser et al., 2010a; Kotchenruther and Hobbs,
1998; Li-Jones et al., 1998).
In this study, we present a comprehensive overview of
the scattering enhancement measured at five European sites
with a humidified nephelometer (Fierz-Schmidhauser et al.,
2010c, see Sect. 3.1) during the years 2008 and 2009; we also
present other aerosol measurements providing additional information. The sites were selected according to the aerosol
type typically encountered at the sites, ranging from anthropogenically influenced urban or continental aerosol, to clean
maritime and Arctic aerosol. The results of the different studies are compared to each other (Sect. 6.1) and to a widely
used aerosol model (Sect. 6.4). Recommendations based on
Atmos. Chem. Phys., 13, 10609–10631, 2013

the results of the measurements and on comprehensive closure studies (Sects. 6.2 and 6.3) are given at the end of this
study (Sect. 7).
2

Site description

A short description of the sites is given in this section and the
reader is referred to the cited publications for more detailed
information.
2.1

Jungfraujoch

Air masses at the high Alpine site Jungfraujoch (JFJ), located
in the Swiss Alps (46.55◦ N, 7.98◦ E, 3580 m a.s.l.), were
sampled in May 2008. These were mainly free tropospheric
air masses, interspersed by transport events from the European atmospheric boundary layer (Henne et al., 2010), and
occasionally even by long-range transported Saharan dust
(Collaud Coen et al., 2004). Henne et al. (2010) characterized the JFJ site as being mainly remote. The JFJ is a monitoring site of the Global Atmosphere Watch (GAW) program
by the World Meteorological Organization, and is part of the
Aerosols, Clouds, and Trace gases Research InfraStructure
network (ACTRIS), the European Monitoring and Evaluation Programme (EMEP) and the Swiss National Air Pollution Monitoring Network (NABEL). The results of the 2008
study are described in detail in Fierz-Schmidhauser et al.
(2010a).
2.2

Ny-Ålesund

From July to October 2008, typical Arctic aerosol was measured at the Zeppelin station in Ny-Ålesund (NYA), located
on the island of Spitsbergen (78.92◦ N, 11.94◦ E). The period of the study was characterized by very low particle concentrations, and by distinct sea salt transport events reaching
the station (which is located at an altitude of 475 m a.s.l.).
Very clean conditions dominated here, since no local sources
or long-range transport phenomena of pollutants (known as
Arctic haze) were observed during this time of the year. NYA
is also a GAW site and participates in the EMEP program.
The results are presented in Zieger et al. (2010).
2.3

Mace Head

In January and February 2009, air masses at the Mace Head
(MHD) station in Ireland (53.33◦ N, 9.91◦ W, 5 m a.s.l.) were
measured; these air masses were mainly marine, however
there were occasional non-marine and polluted air masses.
The station is located on the west coast of Ireland close to the
shore of the ocean. Henne et al. (2010) categorized the MHD
site as generally remote with a low population influence.
MHD is a GAW site, and joined the ACTRIS and EMEP programs as well. A detailed analysis of this field campaign is
given in Fierz-Schmidhauser et al. (2010b).
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Fig. 1. (a) Block diagram of the WetNeph setup consisting of a
humidifier, a dryer, and a modified nephelometer. A second nephelometer was always operated in parallel as a reference instrument.
(b) Schematic time profile of the relative humidity inside the humidified nephelometer. The performance of the humidifier and dryer is
shown schematically above the diagram. More technical details can
be found in Fierz-Schmidhauser et al. (2010c).

2.4

Melpitz

Field measurements were performed at the central European research station Melpitz (MEL) in Germany (51.53◦ N,
12.92◦ E, 86 m a.s.l.), in January and February 2009. MEL is
a rural site surrounded by fields, forests and small villages.
The nearest large city is Leipzig, located ≈ 50 km southwest
of the site. Mainly anthropogenically influenced air masses
with few transported sea salt events were observed. MEL is
an observation site within EMEP, GAW, ACTRIS and GUAN
(German Ultrafine Aerosol Network, Birmili et al., 2009).
A detailed description of the intensive campaign is given in
Zieger et al. (2013).
2.5

Cabauw

The Cabauw site (CAB) is located in the Netherlands in
a rural area between the cities of Utrecht and Rotterdam
(51.97◦ N, 4.93◦ E). It is therefore influenced by transported
pollution from the European continent, by local sources, and
by the marine environment. Henne et al. (2010) characterized the CAB site as one impacted by relatively large pollution burdens that may strongly depend on wind direction.
CAB participates in the ACTRIS and EMEP programs. During the measurement period between June and October 2009,
the aerosol at CAB showed high variability in composition.
This work is described in Zieger et al. (2011).

www.atmos-chem-phys.net/13/10609/2013/
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Experimental
Particle light scattering measurements at elevated
relative humidity

The particle light scattering coefficient at elevated RH was
measured with a humidified nephelometer (WetNeph), which
was developed at the Paul Scherrer Institute (PSI). The WetNeph is described in detail in Fierz-Schmidhauser et al.
(2010c) and only a brief description will be given here. The
aerosol is directed from the inlet to a humidification system,
where the particles are exposed to high RH between 30 %
and 90 %. Following this, the particles are dried again to
low RH (usually to RH ≈ 50 %) in a Nafion dryer. The particle scattering coefficients are then measured in a modified
nephelometer (TSI Inc., Model 3563) at three wavelengths
(λ = 450, 550 and 700 nm). A schematic diagram showing
the WetNeph set-up is shown in Fig. 1a. The WetNeph can
be operated in a constant elevated RH mode (usually at
RH = 85 % inside the nephelometer cell) or in the humidograph mode. In the latter, the aerosol stream is first exposed
to an increasing RH in the humidifier with the dryer being
turned off (hydration) until a high RH has been reached inside the nephelometer (usually RH ≈ 85 % depending on the
flow and surrounding temperature conditions). The aerosol
can then be dried back to low RH by keeping the humidifier at maximum RH and the dryer turned on (dehydration).
The humidograph mode and the timeline of the RH inside the
humidified nephelometer is shown schematically in Fig. 1b.
With this set-up, both branches of the aerosol’s hysteresis
curve can be characterized. It should be mentioned that the
deliquescence RH observed in the humidograms is not identical to the thermodynamically deliquescence RH; this is because the particles have experienced the highest RH within
the humidifier, while the RH slightly decreases until the light
scattering is measured in the nephelometer. The efflorescence
(during the dehydration mode) cannot be observed with the
WetNeph due to the limitations of the dryer, which was usually only operated at a minimum of 50 % RH. A reference
nephelometer (TSI Inc., Model 3563) was always operated
in parallel at dry conditions (DryNeph). To retrieve the full
hemispheric scattering coefficients and to correct for the nonideal light source, the recorded nephelometer data has to be
corrected, e.g., by using the proposed scheme by Anderson
et al. (1996). This correction scheme is based on the measured Ångström exponent. The increasing uncertainties for
coarse mode dominated aerosol can be reduced if the measured size distribution (ideally as a function of RH) is taken
into account; this has not been done in this study due to
the predominance of fine mode aerosol. Besides the routine
nephelometer calibration with standard gas, knowledge of
the precise RH inside the nephelometer cell is of crucial importance. This is established by an additional dew point mirror within the system and regular calibrations of the different RH sensors using standard salt solutions. The WetNeph
Atmos. Chem. Phys., 13, 10609–10631, 2013

10612

P. Zieger et al.: Effects of relative humidity on aerosol light scattering

Table 1. Overview of the instrumentation used at the investigated sites.

Parameter

Employed instrument

Particle light scattering coefficient

Humidified nephelometer
(WetNeph)
Nephelometer (DryNeph)
Aethalometer
Multi-angle absorption
photometer (MAAP)
Scanning mobility particle
sizer (SMPS)
Dual mobility particle size
spectrometer (DMPSS)
Optical particle size
spectrometer (OPSS)
Aerodynamic particle sizer
(APS)
Hygroscopic tandem
differential mobility analyzer
(H-TDMA)
Aerosol mass spectrometer
(AMS)
Filter measurements

Particle light absorption coefficient

Particle number size distribution

Hygroscopic growth factor

Chemical composition

Location

Time period (days)

Jungfraujocha
JFJ

Ny-Ålesundb
NYA

Mace Headc
MHD

Melpitzd
MEL

Cabauwe
CAB

x

x

x

x

x

x
x
x

x
x
–

x
x
–

x
–
x

x
xf
x

x

x

x

–

xf

–

–

–

x

–

x

x

x

x

–

–

–

–

–

x
xf

xf

–

x

xf

x

–

–

x

–

–
Switzerland
46.55◦ N, 7.98◦ E
3580 m a.s.l.
May 2008 (31)

x
Spitsbergen
78.92◦ N, 11.94◦ E
475 m a.s.l.
Jul–Oct 2008 (91)

–
Ireland
53.33◦ N, 9.91◦ W
5 m a.s.l.
Jan–Feb 2009 (28)

x
Germany
51.53◦ N, 12.92◦ E
86 m a.s.l.
Feb–Mar 2009 (36)

–
The Netherlands
51.97◦ N, 4.93◦ E
1 m a.s.l.
Jun–Oct 2009 (120)

a Fierz-Schmidhauser et al. (2010a), b Zieger et al. (2010), c Fierz-Schmidhauser et al. (2010b), d Zieger et al. (2013), e Zieger et al. (2011), f Data only partly available.

system has additionally been validated using monodisperse
salt measurements of ammonium sulfate and sodium chloride and by applying Mie theory (Fierz-Schmidhauser et al.,
2010c).
Two main factors contribute to the uncertainty of the measured f (RH): the uncertainty of the particle scattering coefficient measured by the two nephelometers (approx. 10 %,
Anderson et al., 1996) and the uncertainty of the RH inside
the humidified nephelometer (1.5–2 percent points in RH,
see Fierz-Schmidhauser et al., 2010c). The uncertainty of the
RH sensor can be included to the total f (RH) uncertainty
at a given RH if an empirical course of f (RH) is assumed
(see e.g. Eq. 8 in Zieger et al., 2010). The resulting relative
uncertainty then increases with the increasing hygroscopicity and increasing RH (and vice versa). At RH = 85 %, the
relative error in f (RH) due to the RH sensor error is smaller
than 14 % for very hygroscopic aerosols like sea salt. Both
main error sources propagate to a total relative uncertainty
for f (RH = 85 %) smaller than 20 %.
3.2

Additional aerosol measurements

A large variety of further aerosol parameters was measured
in parallel during all field campaigns. The data was needed to
describe the physical and chemical properties responsible for
the encountered scattering enhancement, to search for other
proxies to predict f (RH), and for relevant closure studies.
Table 1 gives an overview of the instrumentation employed
at the different sites. Here, only a brief description will be
given. More details can be found in the individual publications and in the the references therein.
Atmos. Chem. Phys., 13, 10609–10631, 2013

The particle light absorption coefficient was measured using either a multi-wavelength aethalometer (Magee Scientific, Model AE-31) or a single-wavelength multi-angle absorption photometer (MAAP; Thermo Scientific Inc., Model
5012). The MAAP measures the light attenuation and light
scattered back from aerosol particles that have been deposited on a filter. A radiative transfer scheme is applied
to retrieve the fraction of light absorbed by the deposited
aerosol (with a 12 % rel. uncertainty Petzold and Schönlinner, 2004). The aerosol absorption coefficient σap is obtained
by multiplying the measured black carbon (BC) mass concentration with the instrumental set value of the mass absorption cross section (6.6 m2 g−1 ). The aethalometer measures
the light attenuation by the aerosol particles (also deposited
on a filter) at 7 wavelengths. The aerosol absorption coefficients were derived by a formula given by Weingartner et al.
(2003) and corrected for site-specific filter effects using values given by Collaud Coen et al. (2010).
The particle number size distribution of the fine mode
particles (diameter D < 1 µm) was either characterized using a scanning mobility particle sizer (SMPS) or a dual mobility particle size spectrometer (DMPSS), while the coarse
mode particles (D > 1 µm) were measured using either an
aerodynamic particle sizer (APS) or an optical particle size
spectrometer (OPSS). The SMPS (at CAB: TSI Inc., Model
3034 (modified); at JFJ, NYA, MHD: custom build instrument, see references in Table 1) and DMPSS (custom build
instrument; Birmili et al., 2009) measure an electrical mobility diameter between 10 and approximately 800 nm. For
both instrument types, the particles are charged and then size
selected by a differential mobility analyzer (DMA) before
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they are counted by condensation particle counter (CPC).
The DMPSS at MEL consists of two DMA that measure
an extended size range, starting from 4 nm. A correction for
multiple charged particles has to be applied for all measurements of DMPSS and SMPS. These uncertainties for the fine
mode particles measured by the SMPS or DMPSS lie within
the findings of Wiedensohler et al. (2012) and are clearly below 10 % for particles between 20–200 nm, while the uncertainties can increase up to 30 % for particles > 200 nm. The
APS (TSI Inc., 3321) measures the particle number size distribution with an aerodynamic particle diameter between approx. 0.5 and 20 µm. It uses a time-of-flight method by using
two laser beams to measure the time and to count the particles. The measured distributions have to be corrected for nonsphericity and the density of the ambient aerosol (Marshall
et al., 1991), since the APS is calibrated with standardized
spherical polystyrene latex particles. The counting and sizing
uncertainty of the APS for particles with diameters > 1 µm is
below 10 % (5–8 % as e.g. reported by Putaud et al., 2000),
but the counting uncertainty may significantly increase for
smaller particles. The OPSS (Grimm GmbH, Dust Monitor
1.108) measures an optical diameter between 0.3 and 25 µm.
The instrument uses the light intensity that is scattered by the
particles from the light emitted by a laser diode. The counting
efficiency of the OPSS is believed to be between 90–100 %
(Heim et al., 2008). The optical particle diameter, however,
depends on the refractive index of the particles, which has to
be corrected for (see e.g. Bukowiecki et al., 2011), as it is
important, especially for the surface, volume, and mass determination. Here, we assume an uncertainty of 20 % in the
OPSS particle sizing (see Appendix for more details).
The hygroscopic growth factor, defined as the ratio of the
particle diameter at high RH to its dry value (see Eq. (2) below), was added to the analysis using measurements of a hygroscopic tandem differential mobility analyzer (H-TDMA;
see e.g. Liu et al., 1978). The aerosol sample is first dried
in the H-TDMA and is then charged by a bipolar charger.
A dry size class of particles with the diameter of Ddry is
then selected by a DMA, before the particles are exposed
to controlled RH (90 %) and temperature. The wet particles
are sized by the second DMA and are subsequently counted
by a CPC. A humidified size distribution for a certain Ddry
is then obtained. The hygroscopic growth factors were inverted from the humidified distributions using the procedure
described by Gysel et al. (2009). All instruments were set
to measure the hygroscopic growth factors of Ddry = 35, 50,
75, 110, 165 and 265 nm (265 nm was not measured at CAB,
at MHD only 165 nm was used as dry diameter). The growth
factors in these studies were determined within ±0.05, which
is typical for a well-maintained TDMA system (Swietlicki
et al., 2008). All H-TDMA instruments were custom-built,
and more technical details can be found in the references
given in Table 1.
The Aerodyne high resolution time-of-flight aerosol mass
spectrometer (AMS; Aerodyne Research) measured the
www.atmos-chem-phys.net/13/10609/2013/
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chemical composition of non-refractory particles with diameters smaller than 1 µm (vacuum aerodynamic particle diameter). The aerosol is introduced into the instrument via
an aerodynamic lens which focuses the aerosol into a tight
beam. The particle beam impacts a heated tungsten plate,
where the components are flash vaporized. The resulting gas
plume is ionized and the mass spectrum is being recorded
using a high mass resolution spectrometer. Because soot,
crustal material and sea-salts cannot be detected, the AMS
is commonly considered to provide non-refractory PM1 (particulate matter with a particle diameter < 1 µm) aerosol particle chemical composition. Only mass fractions were used in
our data analysis, which avoids systematic error (e.g., due to
the collection efficiency of the AMS). The relative ionization
efficiency would result in an error of the mass ratios of approximately 10 %. The AMS has been characterized in detail,
e.g. by DeCarlo et al. (2006) or Canagaratna et al. (2007).
At MEL and NYA, aerosol particles were also collected on
daily PM10 high volume filter samples. The results were only
needed to identify sea salt transport events to the station.
Part of these in situ measured parameters, together with
σsp (RH), were used to retrieve the particle light extinction
coefficient at ambient RH, which was either compared to remote sensing measurements of lidar instruments (light detection and ranging; see Zieger et al., 2011, 2012) or to the
retrieval of MAX-DOAS measurements (multi-axis differential optical absorption spectroscopy; see Zieger et al., 2011).
A good agreement between LIDAR and in situ measurements
was found, giving further confidence to our findings.
4

Modeling f (RH)

The scattering enhancement can be modeled using Mie theory (Mie, 1908). It was assumed that the particles in our
study were spherical, homogeneous, and internally or externally mixed. The Mie code used here is based on a computer
routine developed by Bohren and Huffman (2004). The complex refractive index and the particle number size distribution
are required inputs.
The change in particle diameter due to water uptake is
usually described with the hygroscopic growth factor g(RH),
which is defined as
g(RH) =

Dwet (RH)
,
Ddry

(2)

where Ddry is the dry particle diameter and Dwet (RH) the
diameter at a specific RH. The hygroscopic growth as a
function of RH is physically described by the Köhler theory (Köhler, 1936). The RH dependence of Eq. (2) can be
parameterized using a one-parameter relationship which has
been introduced, e.g., by Petters and Kreidenweis (2007):

g(aw ) = 1 + κ

aw
1 − aw

1
3

,

(3)
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where aw is the water activity, which can be replaced by
RH, if the Kelvin effect can be neglected. This simplification is justified in our study, because the Kelvin term within
the Köhler equation is small for large particles (D > 80 nm),
which are important for light scattering at the wavelengths
used here. The parameter κ in Eq. (3) captures all solute
properties of the particles (Raoult effect) and is a simple measure of the particle’s hygroscopicity, when spherical particles
with individual homogeneous composition are assumed.
The change of the size distribution and the refractive index
with changing RH (needed for the Mie calculations) can be
calculated with the following procedure: the increase of the
particle diameter is determined by multiplying the dry diameter Ddry by the (dry) size dependent hygroscopic growth
factor g(RH, Ddry ).
Dwet (RH) = g(RH, Ddry )Ddry

(4)

The particle number size distribution is then calculated as
follows:
dÑ(Dwet ) dN (Ddry ) Dwet dDdry
=
.
d log Dwet
d log Ddry Ddry dDwet

(5)

The change of the dry refractive index is calculated by applying a volume weighting of the dry refractive index mdry
with the refractive index of water mH2 O (Hale and Querry,
1973):
mwet =

mdry + mH2 O (g(RH)3 − 1)
.
g(RH)3

(6)

For high growth factors and high values of RH, the refractive index of the aerosol droplet approaches that of water.
Although several other mixing rules for the refractive index
exist, the volume weighted average was found by Nessler
et al. (2005b) to be the most suitable one, since the differences between the different methods are very small, and the
volume weighting formula is the simplest one to use. mwet
wet )
and ddÑ(D
log Dwet are then the input parameters for the Mie code
to calculate the aerosol optical parameters at a specific RH
and wavelength.
Figure 2 shows f (RH, λ = 589 nm) as an example for different inorganic salts and for a typical organic substance at
a fixed RH of 85 %. A monomodal lognormal size distribution with a standard deviation of 1.8 was assumed. The refractive indices were taken from Seinfeld and Pandis (2006)
and Nessler et al. (2005a), and the hygroscopic growth factors were taken from Topping et al. (2005) and Sjogren et al.
(2008). It can be seen that both size and chemical composition matter when determining the scattering enhancement.
The chemical composition is important for the refractive index, and even more important for the actual hygroscopic
growth of the particle. Sodium chloride is one of the most
hygroscopic salts and therefore shows the largest values of
f (RH), e.g. a lognormal distribution of pure NaCl particle
Atmos. Chem. Phys., 13, 10609–10631, 2013
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Fig. 2. The scattering enhancement f (RH) at RH = 85 % and
λ = 589 nm vs. dry particle diameter calculated for different inorganic salts (see legend) and for organics (typically found at
the Jungfraujoch, JFJ). A monomodal size distribution is assumed
(σ = 1.8). The hygroscopic growth factors were taken from Topping
et al. (2005); Sjogren et al. (2008), and the refractive indices were
taken from Seinfeld and Pandis (2006) and Nessler et al. (2005a).

with a mode diameter of 100 nm will scatter at 85 % RH approximately eight times more than in dry conditions. Figure 2
also shows the possibility of compensating effects between
size and chemical composition: a small, less hygroscopic
particle (e.g., NH4 HSO4 ) can have the same magnitude of
f (RH) as a large, more hygroscopic particle (e.g. NaCl). The
rather large values of f (RH) at small diameters in Fig. 2
have been reproduced with monodisperse salt measurements
in Fierz-Schmidhauser et al. (2010c), where they have been
used to assure the measurement quality of our instrument
(see Sect. 3.1).
5

Closure studies

One goal of our work was to calculate and predict the scattering enhancement using auxiliary measurements, like size
distribution, hygroscopic growth, and chemical composition
and applying Mie calculations. The first task was to check for
consistency within the in situ measurements performing socalled closure studies. A closure is achieved if an appropriate
model (here a model based on Mie theory, see Sect. 4) can
be used to reproduce the observation of interest by applying
a different set of observational data. If the reproduced values
(including the model uncertainty) lie within the measurement
uncertainty, the closure can be considered achieved.
In a next step, sensitivity studies were performed to search
for independently measured parameters that can be used to
predict f (RH). If the auxiliary aerosol measurements are operated on a continuous basis, e.g., within a monitoring program, they can possibly be used to predict f (RH) without
www.atmos-chem-phys.net/13/10609/2013/
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Table 2. Mean, standard deviation (STD), and percentile values of f (RH = 85 %, 550 nm) for the Jungfraujoch (JFJ), Ny-Ålesund (NYA),
Mace Head (MHD), Melpitz (MEL), and Cabauw (CAB). Average values are also given for different air mass types, if a differentiation of
specific air masses was possible during the individual measurement periods.
Station: Type

Mean

STD

75th prctl.

Median

25th prctl.

JFJ: All
JFJ: Free tropospheric/PBL influenced
JFJ: Saharan dust influenced

2.30
2.32
1.28

0.33
0.31
0.10

2.52
2.53
1.35

2.34
2.35
1.27

2.12
2.13
1.20

NYA: All
NYA: Sea salt
NYA: Arctic (no sea salt)

3.24
2.86
3.41

0.63
0.41
0.66

3.63
3.05
3.71

3.12
2.81
3.28

2.79
2.56
3.05

MHD: All
MHD: Clean sector (sea salt)
MHD: Polluted sector

2.08
2.28
1.80

0.29
0.19
0.26

2.30
2.37
1.96

2.11
2.29
1.82

1.87
2.17
1.66

MEL: All

2.77

0.37

3.02

2.78

2.56

CAB: All
CAB: Maritime
CAB: Continental south
CAB: Maritime, heavily polluted
CAB: Maritime, slightly polluted
CAB: Continental east

2.38
3.38
1.86
1.95
2.97
2.25

0.38
0.31
0.17
0.14
0.20
0.16

2.63
3.60
2.02
2.04
3.11
2.37

2.34
3.38
1.86
2.00
2.96
2.26

2.14
3.16
1.76
1.82
2.81
2.13

explicit RH-dependent optical measurements using, e.g., a
humidified nephelometer. Unfortunately, the available suite
of aerosol instruments was not identical within the five field
campaigns. An overview of the main measurements, the instrument abbreviations, and campaign time frames can be
found in Table 1. The optical parameters (scattering coefficient at defined RH and at dry conditions, as well as the
absorption coefficient) were almost completely measured at
all sites, while the applied aerosol in situ techniques varied from site to site. At JFJ, a comprehensive set of instruments were operated. In particular, the bulk aerosol chemical
composition was determined with an AMS. The AMS measurements were used together with aethalometer measurements to calculate (a) the hygroscopic growth factor (in addition to the direct measurement of the H-TDMA) and (b) the
complex refractive index, which is needed as an input parameter for the Mie calculations. The complex refractive indices (at λ = 550 nm) used were 1.48 for organics, 1.556 for
NH4 NO3 , 1.530 for (NH4 )2 SO4 , 1.473 for NH4 HSO4 , 1.434
for H2 SO4 , and 1.75+0.44i for BC (for the specific references and details see Fierz-Schmidhauser et al., 2010a). The
imaginary part was omitted for all components except for
BC. The mean hygroscopic growth factor is calculated from
the growth factors, densities and volume fractions of the individual components using the ZSR relationship (Stokes and
Robinson, 1966). At NYA, the chemical composition was
only partly determined by filter measurements (which were
limited to inorganic substances). The hygroscopic growth
factor was also not measured directly using, e.g., a H-TDMA;
instead it was retrieved by Mie theory through an inverse
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calculation using the measured size distribution, the optical
measurements, and an assumption about the refractive index (see Zieger et al., 2010, for more details). At MHD, all
relevant aerosol measurements except for chemical measurements were available during the observation period. During
the entire two months’ campaign, MEL provided filter measurements and detailed chemical composition measurements
with an AMS. The hygroscopic growth measurements using
the H-TDMA were only partly available. At CAB, no chemical measurements at all were available during the observation
period, but a H-TDMA was partly deployed. For the closure
studies, the SMPS or DMPSS is probably the most important instrument since it measures the particle number concentration in the optically relevant size range usually up to
≈ 550–800 nm with a high precision. It was in operation at
all five sites (unfortunately only for two weeks within the
four month’s campaign at CAB).

6
6.1

Results
Comparison of the different measurement sites

The measured scattering enhancement factor f (RH) showed
individual characteristics significant for each of the five sites.
Figure 3 shows FLEXTRA trajectories (Stohl et al., 1995;
Stohl and Seibert, 1998) for each site color-coded by the
f (RH = 85 %) value measured at the time of the air parcel
arriving at the site. Only periods with available WetNeph
measurements are shown. The mean, standard deviation, and
percentile values of f (RH = 85 %) are given in Table 2.
Atmos. Chem. Phys., 13, 10609–10631, 2013
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Fig. 3. 72 h air mass back trajectories (FLEXTRA) color-coded by the f (RH = 85 %, 550 nm) measured at the time the air parcel arrived at
the site.

For JFJ, Fig. 3 reveals that the air masses mainly originated
from central Europe but also had their origin in the north
African regions. These air masses transported mineral dust
particles up to JFJ in what if often called a Saharan dust event
(SDE). Since mineral dust shows low hygroscopic growth, its
f (RH = 85 %) values are low compared to those of other air
masses.
At CAB, air masses with low f (RH = 85 %) values mainly
originated in industrialized areas of, e.g. the Ruhr area,
Northern France, Southern Britain, the Netherlands, and Belgium. f (RH = 85 %) was elevated at CAB when the air
masses originated from the Atlantic Ocean or the Northern
Sea and contained hygroscopic sea salt. However, only a few
clear sea salt events were observed at CAB, showing hysteresis behavior as one would expect from, e.g., relatively pure
inorganic salts like NaCl.
The clean and polluted sectors can be identified at MHD:
f (RH) was generally higher when air masses arrived from

Atmos. Chem. Phys., 13, 10609–10631, 2013

the sea (mean f (RH = 85 %) = 2.28), while the air masses
from the polluted eastern sector, which had contact with the
urban areas of Ireland and the UK, were characterized by
smaller values (mean f (RH = 85 %) = 1.8). The maritime air
masses with dominating sea salt were also seen in the hysteresis behavior of the recorded humidograms.
MEL showed generally larger values of f (RH) (mean
f (RH = 85 %) = 2.77), with air masses originating mainly
from the western and northwestern part of Europe. No distinct sectors could be identified during the observation period in winter 2009. Sea salt with coincident hysteresis in the
humidograms was observed at MEL.
As an extreme, the NYA site showed the largest
f (RH = 85 %) (which could range up to values of 6.6) compared to the other sites. The main source areas at NYA were
the open oceans and ice shields of the Arctic, which brought
pure sea salt in addition to fine mode-dominated secondary
aerosol to the site. No clear long-range transport of pollution

www.atmos-chem-phys.net/13/10609/2013/
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to the measurement site was observed during summer and fall
2008. The mean values for non-sea salt influenced periods
were higher (mean f (RH = 85 %) = 3.41) than the sea salt
influenced periods (mean f (RH = 85 %) = 2.86). This was
attributed to compensation effects of size and hygroscopicity: smaller and less hygroscopic particles can have similar
(or even larger) values of f (RH) than larger and more hygroscopic particles (see Fig. 2).
The f (RH = 85 %)-values measured at all five sites are
shown as probability density functions (PDF) in Fig. 4. The
two-sector discrimination of MHD can be clearly seen (area
below the first two shoulders of the PDF is representative for
air masses from the polluted sector, the area below the maxima at approx. f (RH = 85 %, 550 nm) = 2.1 is mainly caused
by values originating from the clean sector). JFJ, MEL and
MHD show similar values of f (RH = 85 %), while MEL and
especially NYA are characterized by generally larger values.
The larger values at NYA can be explained by the absence of
anthropogenic influence and by the size and hygroscopicity
of the particles.
Example humidograms of f (RH) measured at the five sites
are depicted in Fig. 5. They are sorted according to their
origin: maritime, continental/background and pollution influenced. These average humidograms show the high variability
in curve shape, hysteresis behavior and magnitude. The particles’ deliquescence is seen for the unperturbed sea salt periods (Fig. 5a), in a separation of certain curves (e.g. MHD:
green curve and CAB: blue curve) or in a steep increase at
RH ≈ 70 % (for NYA: red curve), while the efflorescence
cannot be observed due to the limitations of the dryer (see
above). The individual humidograms are separately shown
again in Sect. 6.4 (Figs. 8 and 9) with a comparison with
model data.

Ny−Alesund: Non sea salt
Jungfraujoch: Background
Jungfraujoch: Saharan dust
Melpitz: Continental Southwest
Cabauw: Continental east
Melpitz: Continental west

5

Fig. 4. Probability density function (PDF) of measured scattering
enhancement f (RH = 85 %, 550 nm) at the different sites (see legend).
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Fig. 5. Example humidograms of f (RH) at λ = 550 nm from the
different sites with respect to different air masses: (a) maritime,
(b) continental and background, and (c) pollution influenced.

6.2

Closure studies

As mentioned in Sect. 5, all closure studies had their individual characteristics due to the site-specific availability of
auxiliary aerosol measurements and different instrumentations (see Table 1). The optical properties were calculated
using Mie theory (see Sect. 4). Figure 6 shows the ratios of
the predicted to the measured values of f (RH) as probability
density functions for the five sites. An optical closure with
respect to the intensive parameter f (RH) was achieved at all
five sites (on average better than 10 %, see details below),
again increasing confidence in the performed in situ measurements. It should be mentioned that the optical closure
with respect to the dry and wet scattering coefficients (the
extensive variables) was a prerequisite for the calculation of
f (RH), and was achieved at all sites as well (see individual
Atmos. Chem. Phys., 13, 10609–10631, 2013
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Fig. 6. Probability density function (PDF) of predicted to measured f (RH = 85 %, 550 nm) of the individual closure studies, which were
characterized by their own specific settings (see text). gHTDMA denotes the hygroscopic growth factor measured by the H-TDMA, while
gAMS is the calculated value from the chemical composition measurement of AMS and aethalometer or MAAP instrument. g(VOPC /Vtot )
shows the result for a site-specific parameterization derived for Ny-Ålesund (NYA; see Zieger et al., 2010), while g(VAPS /Vtot , VAPS /Vtot )
is a site-specific parameterization for Cabauw (CAB; see Zieger et al., 2011). mAMS denotes the particles’ complex refractive index derived
from AMS and MAAP or aethalometer measurements. CM denotes the coarse mode.

publications mentioned in Table 1). However, the focus is
here set on f (RH) our main observational quantity which is
an intensive parameter.
At JFJ, the best closure was achieved if the measured
size distribution, the chemical composition (refractive index)
and the hygroscopic growth factor (calculated from AMS
plus aethalometer measurements, or measured by H-TDMA)
were used in the Mie model (mean ratio ± standard deviation: 1.08±0.13 using gAMS and 1.07±0.12 using gHTDMA ).
The slightly higher predicted values were probably due to
calibration issues of the RH sensor inside the WetNeph.
Keeping the chemical composition (refractive index and hygroscopic growth) or the size distribution shape, or both constant still delivered reasonable prediction results (1.06±0.14,
Atmos. Chem. Phys., 13, 10609–10631, 2013

1.11 ± 0.12, and 1.11 ± 0.14, respectively), showing that a
mean chemical composition is sufficient to predict f (RH).
This result is in accordance with findings of Jurányi et al.
(2010) who showed that for a prediction of the cloud condensation nuclei (CCN) number concentration at JFJ, using measured size distribution and hygroscopicity measurements (HTDMA), and a mean submicron chemical composition is sufficient. Nessler et al. (2005a) proposed a simplified scheme
to predict f (RH) for the summer and winter periods separately, using the measured Ångström exponent of the dry
scattering coefficient. A slight overestimation with a broader
distribution of the PDF of the predicted to measured value
of f (RH = 85 %) is observed due to the simplifications in
this model (1.07 ± 0.27, see orange curve in Fig. 6a). This
www.atmos-chem-phys.net/13/10609/2013/
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model is based on the fact that the aerosol coarse mode at
JFJ consists mainly of non-hygroscopic mineral dust which
is characterized by low Ångström exponents, in contrast to
the other four sites where the coarse mode was mainly attributed to sea salt. However, a full seasonal comparison of
the model by Nessler et al. (2005a) would be desirable.
At NYA, the measured values of f (RH = 85 %) were in
general higher than those measured at other sites (see Fig. 4).
The full chemical composition and the hygroscopic growth
were not measured directly. Nevertheless, the hygroscopic
growth was retrieved from the measured size distribution
and the wet and dry scattering properties using Mie theory and by assuming internally mixed spherical particles
with a fixed refractive index (ammonium sulfate). The hygroscopic growth factor, one input of the Mie calculations,
was varied until it matched the measured f (RH) values (see
Zieger et al., 2010, for more details). The refractive index
was found to be of minor influence in the g(RH)-retrieval;
a relative change of 10 % only caused a relative difference
of less than 5 % in the retrieved g(RH)-values. As summarized in Fig. 6b, a mean hygroscopicity (using a growth
factor of g(RH = 85 %) = 1.6) is also sufficient to predict
f (RH = 85 %) at NYA (mean ratio ± standard deviation:
1.07 ± 0.2), although with a higher uncertainty than that at
JFJ. Although a mean g(RH) was relatively sufficient for the
prediction, it can also lead to large uncertainties in the predicted f (RH), as can be seen in Fig. 6b, where the upper and
lower bound of the retrieved g(RH) was used as a constant
value for the entire time series (1.78 ± 0.41 and 0.64 ± 0.11,
respectively). A parameterization of g(RH) using the measured volume coarse mode fraction (discussed in Zieger et al.
(2010)), brought only a slight improvement (1.05 ± 0.19).
At MHD (Fig. 6c), the calculations were performed assuming a different refractive index for the polluted (higher
imaginary part) and clean sector (Fierz-Schmidhauser et al.,
2010b). The g(RH) of the H-TDMA was only available at
Ddry = 165 nm. The closure was achieved for both cases
(mean ± standard deviation for all cases: 1.07 ± 0.18; polluted cases: 1.00 ± 0.20; clean cases: 1.10 ± 0.16). For the
clean case, the agreement was slightly worse; this was attributed to the assumption of the refractive index and problems with combining the size distribution measurements of
coarse and fine mode, which showed discrepancies when
comparing the surface size distribution.
For CAB, the situation is more complex, because the
aerosol origin showed larger fluctuations (see trajectories
in Fig. 3). Besides the continental and urban influence, the
nearby marine environment also contributed to the aerosol
composition. As described in Zieger et al. (2011), the measured hygroscopic growth factor is limited to smaller size
ranges, from a dry diameter of 35 nm (at CAB), to the largest
dry diameter of 165 nm. The larger particles (those above
165 nm) were therefore missed by the H-TDMA. Since larger
particles can consist of highly hygroscopic sea salt particles,
the ratio of predicted to measured values of f (RH = 85 %) in
www.atmos-chem-phys.net/13/10609/2013/
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Fig. 6d (blue curve) using the growth factor g(RH) of the HTDMA is shifted towards an underestimation of the predicted
f (RH = 85 %), with a mean ratio and standard deviation of
0.91±0.09. A proposed parameterization of g(RH) using the
coarse mode volume fraction and black carbon (BC) volume
fraction improved the agreement with the measured values
(with 1.00 ± 0.12; see green curve in Fig. 6d). An increased
BC volume fraction will tend to decrease g(RH), while an
increased coarse mode volume fraction is a sign of more sea
salt contribution, which will increase g(RH). Both volume
fractions are continuously measured by an OPSS, SMPS and
MAAP at that site (see Sect. 3.2). Together with the measured
size distributions and an assumption on the refractive index,
the f (RH) can then be estimated (for more details see Zieger
et al., 2011). Assuming a constant value of g(RH), which can
be done, e.g., for JFJ and NYA, gives a less precise prediction at CAB, as can be seen in Fig. 6d (orange curve with a
mean ratio of 0.92 ± 0.15).
Closure was also achieved at MEL (Fig. 6e). Good results
were achieved if the refractive index and growth factor were
derived from the AMS (plus MAAP) measurements, or if the
growth factor was taken from the H-TDMA measurement
and the refractive index was derived from AMS and MAAP
(mean ratio ± standard deviation: 1.08±0.22 and 1.01±0.18,
respectively). Both instruments were operated successfully
during the entire campaign, while the H-TDMA was only
available for part of the time. A mean g(RH = 90 %) = 1.53
was found to be sufficient for the prediction at MEL, albeit with exceptions, especially during transported sea salt
and high anthropogenic pollution events. In addition, the
coarse mode composition was varied for the calculation; if
a very hygroscopic coarse mode of NaCl was assumed, the
f (RH) was clearly overpredicted (1.20 ± 0.25), while an assumed dust coarse mode clearly lead to a good agreement
(1.02 ± 0.22).
Generally, all measurements of f (RH) were predicted on
average within 10 %, with changing variability among the
different sites and assumptions, if the hygroscopic growth
factor was measured (or for NYA assumed) correctly. A table
summarizing the mean and the standard deviation of the predicted and measured f (RH = 85 %), plus the mean ratio of
predicted to measured value can be found in the Supplement.
A general uncertainty analysis for the closure studies was
performed using the Monte Carlo Method according to Anderson (1976). It was found that the relative error in the calculated f (RH) increased for larger hygroscopic growth factors, but was always smaller than 15–25 %, despite the high
uncertainties assumed, e.g., for the refractive index. More details can be found in Appendix A.
In summary, both size and chemical composition mattered when determining f (RH); this is schematically depicted in Fig. 7. For the aerosol discussed here, the relative contributions of the fine mode and the coarse mode
and the specific chemical composition were important. At
JFJ, the coarse mode was mainly attributed to long-range
Atmos. Chem. Phys., 13, 10609–10631, 2013

10620

P. Zieger et al.: Effects of relative humidity on aerosol light scattering

Surface size distribution

The following parameters were varied:
Modal sizes and relative amounts of ...

FM )
– Fine mode diameter (Dmod

– Coarse mode number fraction
(CM frac = NCM /(NFM + NCM ))
– Fine mode hygroscopicity (κFM , see Eq. 3)
Fine mode

Coarse mode
Particle
diameter

– Coarse mode hygroscopicity (κCM )
– Standard deviation of fine mode (σ )

BC or organics

Inorganic salts

Sea salt

Mineral dust

very low to low f(RH)

high f(RH)

high f(RH)
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Fig. 7. Schematic overview of the factors influencing the scattering
enhancement f (RH). The size and the relative contributions of the
different modes with their distinct chemical composition (governing
the hygroscopic growth and refractive index) all influence f (RH).
This also includes the compensating effects of size and chemical
composition.

transported non-hygroscopic mineral dust, whereas at NYA,
MEL, MHD, and CAB, the coarse mode was mainly dominated by hygroscopic seas salt. Sea salt was never observed
at JFJ, which also explains the absence of hysteresis effects
(which were occasionally observed at all other sites). The
fine mode was dominated by organic substances with low hygroscopicity, non-hygroscopic BC, or by hygroscopic inorganic salts. As seen in Fig. 2, the interaction between size and
hygroscopicity can lead to compensation effects for f (RH),
as observed at NYA, where smaller and less hygroscopic particles had the same magnitude of f (RH) as larger and more
hygroscopic particles (Zieger et al., 2010).
6.3

Can a simple analytical method be established for
the f (RH)-prediction?

To show the difficulty in retrieving a simple analytical
method for an accurate f (RH)-prediction, we have performed a sensitivity study by varying the main input parameters of the Mie calculations in the typically encountered
ranges. A bimodal lognormal size distribution was assumed
"

 #
dNi (D)
Ni
1 log D− log Dmod,i 2
=√
, (7)
exp −
d log D
2
log σi
2π log σi
where D denotes the diameter, Dmod,i is the mode diameter,
Ni is the total particle number density, and σi is the standard
deviation of the distribution of mode i (with i = 1 as the fine
mode (FM) and i = 2 as the coarse mode (CM)).
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– Imaginary part of refractive index (mimag )
The coarse mode diameter was assumed to be constant at
D = 2 µm. The real part of the refractive index was assumed
to be m = 1.54, when the calculations were performed for
λ = 550 nm and RH = 85 %.
The result for a constant refractive index (m = 1.54) and
a standard deviation of σ = 1.8 for coarse and fine mode
is shown in Table 3 for four different coarse mode number fractions (CM frac = 0.02, 0.01, 0.00001, 0) and alternatively for a very hygroscopic (κCM = 1, e.g. sea salt) or
non-hygroscopic (κCM = 0, e.g. mineral dust) coarse mode.
The hygroscopicity of the fine mode is also varied (κFM = 0,
0.25, 0.75, 1). The figures of the entire sensitivity study can
be found in the Supplement.
The strong influence of small amounts of coarse mode particles on the overall f (RH) can be seen. Coarse mode particles can suppress f (RH) in case of dust particles, or enhance the overall f (RH) in case of very hygroscopic particles (e.g. pure NaCl). The mode diameter of the fine mode
(in Table 3, exemplary at 50, 100 and 250 nm) determines if
the mode is moving into the optically relevant size range at
enhanced RH (here 85 %). This separate growth into the optical active size range also explains the wave-like structures
seen in Figs. S1 and S2 of the Supplement. With the complete absence of coarse mode particles, the f (RH) values can
reach high values similar to those seen in the calculation of
the monodisperse substances shown in Fig. 2.
The dependence of f (RH) on the standard deviation of
the fine mode (σ ) and the imaginary part has been investigated as well (see Fig. S2 in the Supplement). The dependence of f (RH) on a varying σ or imaginary part of m is less
pronounced than the parameters discussed above. The strong
influence of the coarse mode number fraction is seen in a
similar way as in Table 3.
This exercise demonstrates a high dependency of f (RH)
on the different size and hygroscopicity parameters. It also
shows that a simple analytical method of determining f (RH)
for all important aerosol types cannot be created without
knowledge of further constraints like the mean fine mode
diameter, or the composition of the coarse mode. For sites
with low variation of the aerosol microphysical properties, a
site-specific proxy can be used to predict f (RH); the same
proxy would fail for another site. As an example, at JFJ,
www.atmos-chem-phys.net/13/10609/2013/
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Table 3. The scattering enhancement f (RH) at RH = 85 % and λ = 550 nm modeled for different fine mode diameters (DFM ) and fine mode
hygroscopicities (κFM ). The coarse mode was assumed to consist of non-hygroscopic material (κCM = 0, e.g., dust, middle column) or of
very hygroscopic material (κCM = 1, e.g., sea salt, right column). CM frac denotes the coarse mode number fraction. The refractive index
was assumed to be constant with m = 1.54. See text for more details.

DFM

κFM

f (RH = 85 %,550 nm) with
κCM = 0 and CM frac =
0.02 0.01 10−5
0

50
50
50
50

0
0.25
0.5
1

1
1
1.01
1.02

1
1.01
1.02
1.04

1
2.13
3.48
6.62

1
2.33
3.92
7.6

3.38
3.38
3.38
3.4

3.37
3.38
3.39
3.41

1.35
2.49
3.84
6.97

1
2.33
3.92
7.6

100
100
100
100

0
0.25
0.5
1

1
1.05
1.11
1.22

1
1.1
1.21
1.43

1
1.99
3.05
5.23

1
2
3.07
5.27

3.26
3.31
3.37
3.48

3.15
3.25
3.35
3.57

1.02
2.01
3.07
5.25

1
2
3.07
5.27

250
250
250
250

0
0.25
0.5
1

1
1.39
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the Ångström exponent of particle scattering coefficient (as
a proxy for the mean size) can be used to estimate f (RH)
(Nessler et al., 2005a). This proxy is only applicable because the coarse mode at JFJ predominantly consists of (nonhygroscopic) mineral dust. The same proxy would fail for
sites with sea salt influence, where the coarse mode would
be dominated by hygroscopic substances. A reliable prediction of f (RH) will therefore always need a full determination
of the particle number distribution (fine and coarse mode)
and information on the hygroscopicity and/or main chemical
composition.
6.4

Comparison to OPAC

The measured scattering enhancement factors were compared to the database OPAC (optical properties of aerosol and
clouds) by Hess et al. (1998). OPAC is a popular database on
aerosol and cloud optical properties that is widely used by the
scientific community1 since it provides a comprehensive set
of microphysical and optical data of aerosols and clouds. It
is closely linked to the Global Aerosol Data Set (GADS) by
Köpke et al. (1997). The data are stored as components that
are meant to be representative for a certain origin (Hess et al.,
1998). All components represent average conditions and the
authors clearly state that the given values may not necessarily be valid for actual conditions. Nevertheless, a comparison
between the measurements performed here and OPAC is undertaken as a first step in improving future versions of OPAC.
The main OPAC aerosol components will be briefly described here in the following. The water-soluble component
1 ISI Web of Knowledge lists over 880 citations (last access: 8
March 2013).
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f (RH = 85 %,550 nm) with
κCM = 1 and CM frac =
0.02 0.01 10−5
0

combines all aerosol particles that originate in gas to particle conversion (including various kinds of sulfates, nitrates,
and also organic substances), while the insoluble component
describes soil particles that also contain organic compounds,
but do not experience hygroscopic growth. The soot component describes the absorbing black carbon. The sea salt components are given for the accumulation (100 nm < D <1 µm)
and the coarse (D > 1 µm) mode separately and both are dependent on RH. To describe desert aerosols that originated
in the desert, different mineral components are provided.
A special mineral-transported component is used to describe
long-range transported mineral dust. The sulfate component
is mainly used to describe the high-sulfate containing Antarctic aerosol, and is also used to model the stratospheric background aerosol. It is composed of 75 % H2 SO4 and is able to
take up water, and therefore depends on RH.
Besides the wavelength dependent refractive index, the
number size distribution of each component is provided as
a lognormal size distribution (see Eq. 7). The size parameters and refractive indexes are provided for eight different
RHs (0 %, 50 %, 70 %, 80 %, 90 %, 95 %, 98 %, and 99 %)
for the RH-dependent components. The OPAC components
can be externally mixed (using the number mixing ratio of
each component) to different aerosol types. Hess et al. (1998)
propose aerosol types (ready mixtures) as examples of those
typically found in the atmosphere.
The strength of OPAC is the option it gives to individually compose aerosol types (using the number mixing ratio, as mentioned above). Therefore, our measurements will
also be compared to individually mixed aerosol types in addition to the aerosol examples that are proposed in OPAC.
These mixtures were calculated when full size distribution
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Fig. 8. Example humidograms from the investigated sites (gray bullets) compared to OPAC aerosol examples given in Hess et al. (1998)
(colored bullet lines). The cyan bullets (OPAC mix) denote the OPAC result if the individual OPAC components are weighted with the
measured size distribution. The magenta line shows the calculated humidogram using the measured size distribution, the (partially) measured
chemical composition, the hygroscopicity parameter κ, and Mie calculations if the measurements were available (see text for details).

measurements were available at the same time. The number
mixing ratio ni for each component was calculated as follows:


,
DZi,max
Ni
dN(D)


ni =
=
d log D  Ntot ,
(8)
Ntot
d log D
Di,min

where Ni is the number concentration between Di,min and
Di,max , which is determined by taking the middle value of D
between the individual mode diameters of two neighboring
components, and Ntot is the total number concentration. For
a mixture of water-soluble and sea salt (acc. mode) components, for example, the size distribution would be integrated
from 0 to 187.8 nm to calculate the apparent number concentration of the water-soluble component and from 187.8 nm
to the end of the measured distribution for the number conAtmos. Chem. Phys., 13, 10609–10631, 2013

centration of the sea salt (acc. mode) component. For CAB,
the mixture was composed with the soot, the water-soluble,
and the two sea salt components. For NYA, the water-soluble
and the two sea salt components were chosen, while for JFJ
only the water-soluble and the mineral-transported components were used for the calculation of f (RH).
Figures 8 and 9 show example humidograms recorded at
the five sites (grey points) compared to the OPAC example aerosol types that would have been expected to be observed at the specific site. The individually mixed OPAC results are shown (called OPAC mix in Figs. 8 and 9) for time
periods when corresponding size distribution measurements
were available. For the same periods, the result of the Mie
model calculations has been added (magenta line in Figs. 8
and 9), which used the measured (or for NYA retrieved)
κ-value (see Eq. 3) and the measured particle number size
distribution as input. Humidograms without a magenta curve
www.atmos-chem-phys.net/13/10609/2013/
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Fig. 9. Same as Fig. 8, but for the other sites.

(in Figs. 8 and 9) therefore had no parallel hygroscopicity or
particle number size distribution measurements.
In general, Figs. 8 and 9 reveal that the calculated values
using the OPAC input data, which are only given for eight
discrete RH values, are clearly higher than the measured values of f (RH) for all five sites; the one exception is the Saharan dust event at JFJ, which is well described by OPAC
(see Fig. 9i). OPAC is not able to describe hysteresis effects
observed, e.g. for clean maritime air (see Fig. 8a and g) and
only refers to the deliquesced state (as does the κ-equation).
The shape also significantly differs from the measurements, especially for low and medium values of RH. Taking
the measured number size distribution with re-mixed OPAC
components does not improve the agreement significantly,
except in the case of CAB maritime slightly polluted air
masses (Fig. 8d). The calculated f (RH) curve using the measured (or retrieved) κ-value seems to perform well, indicating
that the κ-equation (Eq. 3) is suitable to describe the curvature of f (RH) in combination with Mie calculations.
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The overestimation by OPAC could be explained by:
a. the implemented hygroscopic growth
b. the fixed size distribution modes
c. the used refractive indices
of the individual components. The influence of the refractive
index cannot be checked due to missing chemical composition measurements, while the influence of the implemented
size distributions and the hygroscopic growth can be tested
against the measurements when they are available (see below).
The water-soluble and soot components are the two main
components that describe the fine mode in OPAC besides sea
salt (acc. mode). The OPAC aerosol type surface size distributions are compared to the measured ones in Fig. 10a–f. The
number size distributions have been transferred to (normalized) surface size distributions, since they are a better representation of the optically relevant size ranges. For the proposed aerosol type examples, the surface size distributions
Atmos. Chem. Phys., 13, 10609–10631, 2013
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Fig. 10. (a–f) Normalized surface size distributions (black line) measured during the humidograph mode periods as shown in Figs. 8 and 9,
normalized surface size distributions from the OPAC aerosol type examples (colored lines), and the OPAC size distributions if the individual
components are weighted with the measured number size distribution (magenta line). Note that the OPAC components have a fixed mode
diameter and therefore the OPAC individually mixed size distributions do not match the measured distribution in all cases.

are mainly shifted to smaller diameters and are also characterized by larger mode standard deviations compared to the
measured distributions. The concentration (or particle surface) is different than the measurements as well. Mixing the
components according to the measured number size distribution (using Eq. (8), as described above) does not improve the
comparison, since the fixed distribution modes and standard
deviations make accurate mixing difficult (see magenta line
in Fig. 10a–f).
According to Hess et al. (1998), the hygroscopic growth
factor g(RH) in OPAC is based on the work of Hänel and
Zankl (1979) and is shown in Fig. 11 for the four RHdependent OPAC components (red bullets). However, they
differ from the original data of Hänel and Zankl (1979)
(R. Dlugi, personal communication, 2013, which are shown
as blue crosses in Fig. 11). Therefore, an erroneous implementation of the hygroscopic growth within OPAC could be
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a major reason of the found differences. In addition, Fig. 11
shows the g(RH) calculated using the κ-equation (see Eq. 3).
For the sea salt components g(RH = 90 %) = 2.1 was taken
from Swietlicki et al. (2008) for highly hygroscopic marine
aerosol. For the water-soluble component a mean value of
g(RH = 90 %) = 1.48 measured by the H-TDMA during the
Cabauw campaign was taken, while, for the sulfate droplets,
g(RH = 90 %) = 2.05 was taken from Topping et al. (2005).
The implemented hygroscopic growth in OPAC does not correspond with the course of g(RH) if the κ-equation is taken
into account. Especially for low RH (< 80 %) the OPAC values are clearly above the κ-curve, while for higher RH the
agreement seems to be better. As shown in the example humidograms (see Figs. 8 and 9), the κ-equation is a good approximation of the hygroscopic growth in terms of f (RH)
at different RH in combination with the measured size distribution, an appropriate refractive index, and Mie theory.
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Table 4. Original and modified hygroscopic growth factor g(RH) of the RH-dependent OPAC components (Hess et al., 1998). The modified
values of g(RH) for the sea salt component were taken from Swietlicki et al. (2008), those for the water soluble from Zieger et al. (2011) and
those for the sulfate component from Topping et al. (2005). The modified values were calculated for the corresponding relative humidities
(RH) using Eq. (3). See text and Fig. 11 for more details.

RH (%)
50
70
80
90
95
98
99

Sea salt (coa. mode)
Original Modified
1.61
1.81
1.99
2.39
2.92
3.91
4.91

1.24
1.46
1.67
2.10
2.64
3.58
4.51

Sea salt (acc. mode)
Original Modified
1.61
1.81
1.99
2.38
2.89
3.83
4.76

1.24
1.46
1.67
2.10
2.64
3.58
4.51

However, it is not suitable to describe the hysteresis effect
of aerosol humidification.
To further investigate the influence of the hygroscopic
growth as implemented in OPAC, the hygroscopic growth of
the water-soluble and sea salt (acc. and coarse mode) was
modified and tested against measurements at CAB, where
the most reliable g(RH) measurements were obtained. For
the modification part, the hygroscopic growth of the watersoluble and the sea salt (acc. and coarse mode) components
was changed. The mean g(RH = 90 %) = 1.48 measured during the CAB campaign at 165 nm was taken for the watersoluble component, and g(RH = 90 %) = 2.1 was taken for
the two sea salt components from Swietlicki et al. (2008).
The κ-equation was again used to calculate g(RH) at different RH values (see violet curve in Fig. 11a–c for the applied
growth factors). The original and modified g(RH)-values are
shown in Table 4 for the relative humidities used in OPAC.
The time period of the closure study during the CAB campaign was chosen (4–18 July 2009), which is considered to
be the most complete time series covering a wide range of
different aerosol types, ranging from continental to maritime
aerosol types. The number mixing ratios (or number concentrations) of both modes were again calculated using Eq. (8).
The soot, water-soluble, and sea salt (acc. mode and coarse
mode) components were found to be the most dominant components during the period of the CAB closure study.
Taking the original components soot, water-soluble, and
sea salt (acc. and coarse mode), OPAC overestimates f (RH)
especially for the low and medium RH values (as already
seen in the example humidograms in Figs. 8 and 9 and as
shown in Fig. 12a, where the ratio of calculated to measured value is seen for the above-mentioned closure period
at CAB). It improves for higher RH, but the ratio is still
above 1 at 90 % RH. Modifying the water-soluble and sea
salt (acc. and coarse mode) components with hygroscopic
growth factors based on the current literature leads to an improved agreement between calculated and observed f (RH)
(see Fig. 12b). The remaining discrepancy is probably caused
by the fixed distribution modes and in general by the simpliwww.atmos-chem-phys.net/13/10609/2013/

Water soluble
Original Modified
1.24
1.34
1.44
1.64
1.88
2.25
2.52

1.08
1.17
1.26
1.48
1.79
2.36
2.95

Sulfate droplets
Original Modified
1.41
1.57
1.70
1.94
2.27
2.81
3.32

1.22
1.42
1.62
2.02
2.53
3.43
4.32

fication of the aerosol at CAB when only four main components are assumed. As a first step in improving the OPAC
components, we propose using the modified g(RH)-values
(see Table 4). Equations (5) and (6) can then be used to obtain the wet size distribution and wet refractive index together with the original OPAC component values given at
RH = 0 %. Values at other RH values can be calculated using Eq. (3). This has to be followed by a re-calculation of
the optical properties, e.g., by using Mie theory (Bohren and
Huffman, 2004).
7

Recommendations

The following recommendations concerning a precise measurement and prediction of f (RH) can be derived from this
study:
– For a precise measurement of f (RH), a humidified
nephelometer should be used. Standard nephelometer
truncation and illumination correction should be applied (Anderson et al., 1996). Of crucial importance
are a good temperature control and knowledge of the
exact RH inside the nephelometer cell. The RH sensors
and the entire system should therefore be calibrated using standard salt solutions and monodisperse salt measurements and Mie theory (Fierz-Schmidhauser et al.,
2010c).
– If no direct measurements of f (RH) are available,
f (RH) can be approximated using the measured particle number size distribution, the hygroscopic growth
factor and chemical composition measurements and
Mie theory. The κ-equation (Eq. 3) should be used
to describe the RH dependency of g(RH) for the deliquescent aerosol (for the RH range of 50 to 95 %).
However, the user should be aware that the hygroscopic growth measurements with a standard HTDMA may miss the important coarse mode contribution to f (RH) and therefore may under- or
Atmos. Chem. Phys., 13, 10609–10631, 2013
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Fig. 11. Hygroscopic growth factor g(RH) as implemented for the four hygroscopic OPAC components. (a) Sea salt (accumulation mode),
(b) sea salt (coarse mode), (c) water-soluble, (d) sulfate droplets (used to model Antarctic and stratospheric background aerosol). The mode
diameter (red curve) growth factors used for the individual lognormal size distributions are shown. The violet curve denotes the hygroscopic
growth factor as calculated using values of g(RH) from the literature and the κ-equation (see text for details). The blue crosses show the
original g(RH) from Hänel and Zankl (1979).
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Fig. 12. Box plots of the ratio of calculated to measured f (RH) (at 550 nm) for the RH values of 50, 70, 80, and 90 % (OPAC values and range
of measurements) for Cabauw (4–18 July 2009). The central red mark is the median, the edges of the box are the 25th and 75th percentiles,
the error bars show the extent of the most extreme data points that are not considered outliers, while the outliers are plotted individually
(red crosses). (a) f (RH) calculated using the original OPAC components weighted with the measured size distribution. (b) f (RH) calculated
using the modified OPAC components (changed hygroscopic growth) weighted with the measured size distribution.

Atmos. Chem. Phys., 13, 10609–10631, 2013

www.atmos-chem-phys.net/13/10609/2013/

P. Zieger et al.: Effects of relative humidity on aerosol light scattering
30

overestimate the overall f (RH) (see Table 3 but also
Fig. 6 in Zieger et al., 2011).

– Optical closure studies should be performed to identify
measurement errors and possible model weaknesses,
and to constrain the obtained measurement results.

8

Conclusions

The effect of hygroscopic growth on aerosol particle light
scattering has been investigated at five European sites using measurements and model calculations. Each site has
been chosen because it is representative for certain aerosol
types. A high spatial and temporal variability of f (RH) has
been observed throughout Europe, starting from low values for long-range transported mineral dust to intermediate values for continental aerosol to high values for pristine maritime or Arctic aerosol. Hysteresis was observed
when pure sea salt was present. Compensating effects between size and hygroscopicity were observed in the Arctic.
The variability and complexity of aerosol composition increased from remote sites to urban and continental sites, and
therefore the number of known parameters needed to predict f (RH) increased concurrently. Free tropospheric aerosol
found, e.g., at the Jungfraujoch, can be simply parameterized using the Ångström exponent (Nessler et al., 2005b).
This rather simplistic approach can only be taken at this site
due to that fact that increased coarse mode fractions (low
Ångström exponents) at the Jungfraujoch will most likely
be a proxy for more mineral dust with reduced hygroscopicity and will therefore result in a lower f (RH). For the other
sites, an enlarged coarse mode points to an enlarged sea salt
contribution, which, in contrast to mineral dust, is highly hygroscopic. Therefore, a simple proxy (like the Ångström exponent as a proxy for size) alone cannot be used to predict
f (RH) for other sites. Instead, information on the full size
distribution is needed. For example, for the Arctic aerosol
found in summer and fall in Ny-Ålesund in the Arctic, a single hygroscopicity (κ-value) and measured size distribution
together with a Mie model were found to be sufficient to calculate the ambient value of the scattering coefficient. The
high variability of aerosol composition and size at Cabauw
made a precise prediction of the scattering enhancement difficult. Here, only measurements of the full size distribution
and the full size resolved chemical composition will make a
www.atmos-chem-phys.net/13/10609/2013/
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– The components of hygroscopic growth within the
OPAC (Hess et al., 1998) should be replaced by values from the current literature (see Table 4). The RH
dependency of g(RH) can be approximated for the upper branch using the κ-equation (Eq. 3).
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air mass origin (e.g. sea salt).
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Fig. A1. Relative error 4f (RH) of the calculated scattering enhancement using Monte Carlo simulation. The simulations were
performed for different hygroscopic growth factors g(RH) (x axis)
and coarse mode number (CM) fractions (circle size). The simulations were repeated while keeping one of the individual input parameters constant (see legend).

good prediction of f (RH) possible, if no explicit humidified
nephelometer measurements are available. A comparison to
the OPAC data set (Hess et al., 1998) showed a systematic
overprediction of f (RH), especially at intermediate RH. The
bias can be reduced if the implemented hygroscopic growth
within OPAC is replaced by values in the current literature
given here.

Appendix A
Model uncertainty analysis
A general uncertainty analysis of the predicted or calculated value of f (RH) was performed using the Monte Carlo
Method (Anderson, 1976). Here, the error propagation is
done by repeated Mie calculations; for each calculation, the
input parameters are varied randomly. 10 000 iterations were
made, although the results were already converged at less
iterations (approx. 500). The calculations were made for
λ = 550 nm. For the hygroscopic growth factor (H-TDMA)
and the fine mode particle number size distribution (SMPS or
DMPSS) the error from the individual instrument was taken,
while for the coarse mode particle number size distribution
(OPSS) and refractive index (AMS, MAAP or aethalometer) assumptions about the uncertainty had to be made (see
below). To test the sensitivity of the various input parameters, the Monte Carlo simulations were repeated each time,
varying only one input parameter and keeping the other values and their mean value constant. In addition, the simulations were repeated for different hygroscopic growth factors (between 1 and 2) and coarse mode number fractions.
For the hygroscopic growth factor, a normal error distribution with a standard deviation of 0.05 was assumed (Swietlicki et al., 2008). A bimodal size distribution was assumed
Atmos. Chem. Phys., 13, 10609–10631, 2013
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with NFM = 10 000 and NCM = 200, 100, 50, 1 and 0 and
FM = 100 nm and D CM = 1 µm (with FM: fine mode and
Dmod
mod
CM: coarse mode, see Eq. 7). The standard deviation of the
mode was chosen to be σ = 2 and assumed not to influence
the error in f (RH), since it would be included in the systematic error of the diameter sizing. For N we assumed an
error of 30 % for the fine (SMPS and DMPSS) and 10 % for
the coarse mode (OPSS and APS), while for Dmod , we assumed a 10 % uncertainty for the fine mode and 20 % for
the coarse mode (assuming a normal error distribution with
the relative uncertainties recalculated to standard deviations).
These uncertainties for the fine mode particles measured by
the SMPS or DMPSS lie within the findings of Wiedensohler
et al. (2012), while the uncertainties in the coarse mode sizing are assumptions based on our own measurements using
the OPSS (Bukowiecki et al., 2011) and findings in the literature for the APS (Marshall et al., 1991; Putaud et al., 2000).
However, it will be shown that the uncertainties within the
absolute size distribution measurements are systematic uncertainties and eventually cancel out when calculating the
ratio of f (RH). The error of the refractive index cannot be
accurately derived, so we have assumed a uniform (rectangular) distributed refractive index. The real part was randomly
chosen from 1.4 to 1.8, and the imaginary part was chosen
from 0 to 0.1. Both ranges cover the observations, e.g., of the
inversely calculated values at Cabauw (Zieger et al., 2011),
or the values given in Hess et al. (1998). Having an upper
limit of 0.1 for the imaginary part is justified in our study
because no pure absorbing substances were observed at the
sites. The result is depicted in Fig. A1 as the relative error
4f (RH), which is calculated from the standard deviation divided by the mean value, for different g(RH) values and different coarse mode fractions. The overall relative uncertainty
within the calculated f (RH) is clearly below 15–25 %, which
can be regarded as a very conservative estimation and is still
sufficient despite the other strong simplifications that had to
be made (spherical particles, homogeneous internally mixed
particles, etc.).
The relative error increases with increasing g(RH) (or increasing RH) because the uncertainty due to the refractive index becomes less important for the wet scattering coefficient,
which approaches the refractive index of water, while the wet
scattering coefficient itself (in the denominator in Eq. (1) increases with increasing g(RH). By contrast, the dry scattering coefficient (in the enumerator in Eq. (1)) and its high uncertainty stays unchanged, and thus the overall uncertainty
in f (RH) increases. The contribution of the real and imaginary parts to the relative error also increases with g(RH) as
can be seen by the cyan and violet curves in Fig. A1, while
the contribution of the uncertainty in g(RH) itself concurrently decreases. The particle number size distribution shows
almost no effect because the uncertainty can be seen as a systematic error, which cancels out (only a minor effect of the
diameter sizing can be expected, especially when no coarse
mode is present). The relative error increases with decreasing
Atmos. Chem. Phys., 13, 10609–10631, 2013

coarse mode number fraction because the wet scattering coefficient increases more for pure, fine particles (those with a
larger f (RH)) compared to an aerosol with an existing coarse
mode. However, a non-existing or a negligible coarse mode
number fraction is probably not relevant for the ambient (tropospheric) atmosphere and was also not observed in the studies presented here.
The relative error in the calculated 4f (RH) decreases below 20 % if a normally distributed uncertainty of the refractive index of 1.5 ± 0.1 (mean ± standard deviation) for
the real part and 0.02 ± 0.002 for the imaginary part are assumed for the refractive index uncertainty, which could be a
more realistic assumption of the refractive index uncertainty
than the rectangular distribution as used above. By contrast,
4f (RH) can rise up to 35 % if the uncertainty of g(RH) is assumed to be 10 %, while the other input parameters have the
same uncertainty as described above (both uncertainties refer to size distributions without coarse mode). This is a more
reasonable uncertainty assumption for the cases in which the
g(RH) is predicted from AMS and MAAP, or for aethalometer measurements for cases without very strong sea salt, dust
or BC influence (Gysel et al., 2007).

Supplementary material related to this article is
available online at http://www.atmos-chem-phys.net/13/
10609/2013/acp-13-10609-2013-supplement.pdf.
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